To explore the hysteretic behaviors of shear panel dampers under axial compression, numerical analyses were carried out using the general-purpose finite element software ABAQUS. Two important parameters, namely the axial compression ratio and the web slenderness parameter, were selected as governing parameters. To trace the material nonlinearity, a modified two-surface model was adopted to simulate the constitutive relations of the steel material under cyclic shear loading. Discussions focused on the hysteretic behavior, maximum shear strength, and energy dissipation performance concerning the axial compression ratio. It was found that axial compression deteriorates the hysteretic behavior and energy dissipation performance of shear panel dampers. In addition, under high axial compression, a small web slenderness parameter leads to unexpected brittle failure.
INTRODUCTION
Evidence from recent seismic disasters, especially the 1995 Kobe earthquake in Japan, indicates that underground structures are damaged seriously during a severe earthquake. Extensive studies and applications [1] [2] [3] [4] have focused on shear panel dampers (SPDs) incorporated into ground buildings and bridges, which serve as a type of passive structural control device to dissipate seismic input energy. SPDs are able to dissipate a large amount of energy through plastic yielding and hysteretic deformation of the metal material. Characterized by simple configuration, and convenient replacement and maintenance, SPDs are used widely in ground structures and show outstanding energy dissipation performance and seismic control properties. However, both the application and research of SPDs in underground structures are still in their infancy [5] .
In contrast with the design of ground structures, the seismic design of underground structures must consider fully the adverse effects of high axial compression on SPDs. This is because the columns of underground structures not only bear loading transferred from an upper structure [6] , but they also suffer very strong dynamic axial forces due to the vertical vibration of overburdened soil under the effect of vertical ground motion [7] . Real failure modes and results of numerical analysis [8, 9] have shown that the collapse of columns at the Dakai subway station was caused primarily by the joint action of the horizontal seismic shear force and superior axial compression.
To date, research has concentrated on the hysteretic behavior of SPDs, such as the effects of initial deformation, buckling and post-buckling phenomena, ultimate shear bearing capacity, and energy dissipation capacity. In research on axial compression, Sasaki and Tanaka [10] explored the effect of static axial compression on the hysteresis curves of SPDs fabricated of low-yield-point steel. They also empirically obtained an allowable level of axial compression. Experiments on two-way stiffened SPDs made of low-yield-point steel were carried out by Nakashima et al. [11] . Results showed that when the axial compression ratio reached 0.3, hysteresis curves were pinched conspicuously, but that the ability of the SPDs to dissipate energy was not reduced significantly because of the strain hardening of the steel material.
There has been relatively little research on the hysteretic behavior of SPDs under high axial compression loading. Chen et al. [5] conducted cyclic shear tests on five SPDs fabricated of Q235B mild steel. According to the code of Steel Plates for Building Structure [12] , the yield stress and maximum stress of Q235B steel are about 235 MPa and 400-510 MPa, respectively. Elongation is equal to or more than 23%. These SPDs were designed to be capable of sustaining high axial compression induced in an underground structure by an earthquake. The experimental results revealed that shear capacity and ductility decrease with an increase of the axial compression ratio. When the axial compression ratio was 0.7, the cumulative energy consumption of the SPDs was almost half that for the case of a ratio of 0.3. In the present study, a comprehensive parametric study is carried out through numerical simulation to overcome the shortcomings of indoor tests, for which the number of specimens is rather limited and duplication is difficult and expensive. The validity of the numerical model and the accuracy of the simulation results are initially verified by indoor test results. Then, the axial compression ratio and the shear-web slenderness are taken as the two most significant control parameters. Hysteretic behavior, maximum shear strength, and energy dissipation performance are discussed concerning a high axial compression ratio.
2.
NUMERICAL MODEL Figure 1 is a schematic diagram of an SPD. Generally, the shear web, which comprises the primary energy dissipation components of SPDs, is made of mild steel or low-yield-point steel. Transverse and longitudinal units are reinforced all around to prevent the web from yielding too early. Web slenderness, Rw, is the key parameter affecting the hysteretic behavior and energy dissipation performance of an SPD and it can be defined and calculated according to Eq. 1, as proposed by Fukumoto [13] : Here, bw and tw are the width and thickness of the web, respectively,  is Poisson's ratio, τy is the shear yield strength of the web material, E is Young's modulus of elasticity, and ks is the elastic buckling coefficient of a simply supported plate:
Main Parameters of SPDs
where nL is the number of longitudinal stiffeners and s is the aspect ratio of a subpanel.
Unstiffened SPDs have great ductility. However, they would yield in the early period of horizontal shear loading, leading to a reduction in shear strength and severe deterioration of their ability to dissipate energy. Therefore, a web plate is usually welded with a stiffener, effectively to prevent premature local buckling, to eliminate the pinch effect in the hysteresis loop, and to ensure a greater yielding range, thereby improving the energy dissipation capacity [14] . In this numerical analysis, the simulation model is stiffened in one-side and two-way (horizontal and vertical) modes. A two-way stiffener can efficiently prevent web buckling and degradation of the shear strength, allowing large deformation without conspicuous pinching of the hysteresis loop or reduction of the ultimate strength. Meanwhile, vertical stiffeners can resist part of the vertical axial compression force. Here, the width/thickness ratio is set at nine to avert premature local buckling. The stiffener rigidity is denoted as ss [15] where s is the stiffness of the stiffener, which can be calculated using Eq. 3 and sis the optimal stiffness of the stiffener, which can calculated using Eq. 4.
where Is is the inertia moment, Dw is the flexural rigidity per unit web width, and α is the aspect ratio of the full panel. It should be noted that the aspect ratio of the full panel is equal to that of the subpanel because the stiffeners are placed in equidistant pairs. The formulas are valid only when web parameters fall into the range of nL = nT  3 and 0.5  
According to previous analysis results [16] , Rw is set as 0.2, 0.3, and 0.4. In addition, an axial compression ratio, z, is defined as the ratio of the applied external axial force divided by the axial yielding force of the SPD. It is adopted to explore the effect of the axial compression force on the hysteretic behavior and energy dissipation performance of the SPDs. To clarify the effects of different magnitudes of the axial compression ratio, z is taken as 0.0 (without axial compression), 0.3 (low axial compression), 0.5 (medium axial compression), and 0.7 (high axial compression). As stated in a prior parametric study [16] , when the stiffener rigidity s/s*, flange rigidity tf/tw , and web aspect ratio  satisfy: s/s* ≥ 3.0, tf/tw ≥ 4.0, and 0.5 ≤ ≤ 1.5, the effects of these design parameters on the web shear strength can be neglected. Hence, the parameters in this paper are chosen as s/s* = 3.0, tf/tw = 4.0, and   1.0. Numerical simulation parameters for SPDs are summarized in Table 1 . thickness of flange; bs: width of stiffener; ts: thickness of stiffener; P: axial force; m/y: dimensionless maximum shear strenth; m: maximum shear stress; y: yield shear stress.
Shear Angle Limit
As a device that dissipates seismic energy through metal yielding, the SPD has an energy dissipation capacity that depends mainly on its plastic deformation capacity and fatigue performance. That is, an SPD must have sufficient ductility to withstand the maximum shear deformation suffered during an earthquake [16] . Here, the allowable maximum shear deformation is usually measured using a dimensionless parameter, namely the shear angle limit. Research conducted by Takahashi and Shinabe [17] suggests that when Rw is less than 0.55, the maximum shear angles of low-yield-point SPDs under a cyclic loading condition and monotonic loading condition are 0.05 and 0.1, respectively. Experiments carried out by Chen and Kuo [3] demonstrated that despite the shear angle reaching 0.06, the shear bearing capacity remained stable. The Code for Seismic Design of Subway Structures in Shanghai [18] specifies that the inter-story elastic-plastic drift angle limit for concrete-framed underground structures is 1/250. Prior to the failure of SPDs, the vertical displacement of the flanges is relatively small. The shear deformation angle of the web, γ, can then be determined approximately according to the horizontal displacement divided by the height of the specimen (0.4 m). Considering that the two-yield-surface constitutive model used in numerical simulations is unable to simulate fatigue behavior [19] , the maximum cyclic loading limit is set at 0.034 in the numerical analysis; i.e., the cyclic loading is terminated once the shear angle reaches 0.034. For ordinary mild steel, this value is equivalent to 20γy (where γy refers to the yield shear strain, = 0.002). Commonly, it is believed that within this range, the fatigue failure of steel under low-frequency cyclic action can be avoided; therefore, there is no necessity of modeling fracture in the numerical simulation. From the above discussion, it is safely concluded that the upper limit of an SPD shear angle is 0.034. This value provides a safety and security margin in engineering practice. Figure 2 illustrates the numerical model of an SPD. It is clear that the shell elements S4 and S4R, which are provided by the ABAQUS element library, are available in this simulation. S4 is a four-node fully integrated, finite-membrane-strain shell element. The element's membrane response is treated with an assumed strain formulation that gives accurate solutions to in-plane bending problems. S4R is a four-node doubly curved, first-order, reduced integration shell element. S4 is compatible with S4R. However, S4 has four integration locations per element compared with one integration location for S4R, which makes S4 computationally more expensive. Considering that an SPD is subjected mainly to shear and axial forces, and that the two-yield-surface model used to simulate the material in the plastic phase is extremely computationally time-consuming, S4R is selected for the finite element modeling. The initial deformation and residual stress are considered. Depending on experimental inspections and the analytical study of plate assemblies [20] , the distribution of the residual stresses in the web and the stiffeners is idealized in a rectangular pattern, as shown in Figure 3 . Initial out-of-plane deflections have a sinusoidal distribution with the stiffener being the node of the curve and the amplitude being 1/150 of the height of the shear panel.
Model Construction
To simulate accurately the large nonlinear deformation behavior of shear panels under cyclic loading, numerical simulations are based on a secondary-developed user subroutine platform provided by ABAQUS, using the modified two-yield-surface model exploited by a research group at Nagoya University in Japan [21] . This model comprises a yield surface (the inner surface) and boundary surface (the outside surface) to describe the constitutive law of steel under cyclic loading. The yield surface is embodied permanently by the boundary surface. Additionally, the dimensions and correlation of these two surfaces determine the plastic modulus of the SPD. The modified two-yield-surface model is validated by the works of Gao et al. [22] and Chusilp et al. [23, 24] , in which experiments were conducted on box girders to validate the modeling of shear behavior of mild steel under cyclic loading. The results showed that the modified two-yield-surface model performs well in tracing the material's nonlinearity under cyclic loading. Taking into account the practical application, both ends of the panel are welded to a considerably stiff plate. Therefore, both ends of the model, at the planes x = 0 and x = a in Figure 2 , are assumed to be fixed, except for the displacement in the x and y directions of the loading edge. Cyclic transverse displacement is applied to the shear panels along the plane x = a, and the displacement in each cycle  is the multiple of the yield displacement of the web, y  , in pure shear. The cyclic loading mode is illustrated in Figure 4 . Then, the sum of the vertical reaction force in shear, H, is obtained along the plane x = 0 to calculate the average shear stress, n  , as shown in Eq. 5. In addition to the displacement loading, the SPD is also subjected to an axial compression P. As the axial compression is always translated to an SPD through a stiff loading plate, P is uniformly distributed along the plane x = a in the numerical analyses. The main results obtained from the numerical analyses are the average shear stress, n  , and the average shear strain, γ, which are described by: 
VERIFICATION AND VALIDATION OF THE NUMERICAL ANALYSIS MODEL
This section aims to verify and validate the numerical model and simulation method using existing laboratory experimental results [5] . The specimen number is Rw03-z07. Rw03 -z07 means that the tested specimen's web slenderness Rw is 0.3 and the axial compression ratio z is 0.7. That is, the axial load on the specimen is 0.7 times that of the axial yield strength of the cross-section. The dimensions of the shear-web specimen (see Figure 1 ) are 400 (width) × 400 (height) × 6 mm (thickness). The vertical flange thickness is 24 mm and the width is 120 mm. The areal dimensions of the loading plates are 450 × 400 mm (upper) and 880 × 400 mm (lower). The thicknesses of the loading plates are 20 mm. Stiffeners are 40-mm wide and 6-mm thick. Figure 5 shows good agreement for (a) hysteretic curves and (b) cumulative dissipating energy between the laboratory test (Rw03-z07) and numerical simulation. The peak value of the dimensionless maximum shear strength, Hy, is 1.369 (= 0.0162) in the numerical simulation and 1.378 (= 0.0145) in the laboratory test, as shown in Figure 5 (a). The error is within 0.65%. Additionally, the error in the normalized total cumulative dissipating energy is less than 0.82%, as shown in Figure 5 (b); this error is extremely low. The above comparisons demonstrate that the presented SPD model and numerical simulation method are valid. The hysteretic behavior and energy dissipation performance of SPDs under high axial compression can be predicted reliably in this manner. Figure 6 shows hysteresis curves of SPDs with various values of Rw and z. It can be seen that the strain-hardening phenomenon changes from isotropic hardening to a mix of kinematic and isotropic hardening with an increase in the axial compression ratio. Given a large value of z, the shear stress versus shear strain curves have obvious development stages, which include an elastic region, a yield region, a hardening zone, and a strength reduction stage. In the cases of z = 0.0 and 0.3, and Rw = 0.2 and 0.3, the hysteresis curves have a full shape and show the combined effects of kinematic and isotropic hardening. No web-buckling phenomenon is observed during the loading phase. Plastic deformation develops gradually throughout the entire steel web plate after yielding. Strain hardening occurs at 4y and remains until the end of the loading process. In the cases of z = 0.0, 0.3, and 0.5, and Rw = 0.4, the hysteresis curves are stable. Slight pinching, mainly due to web buckling, may be observed. However, pinching does not continue to develop under subsequent loading. Additionally, the average shear strength rises steadily until the end of loading.
RESULTS AND DISCUSSION

Hysteretic Behavior
In the cases of z = 0.5, and Rw = 0.2 and 0.3, hysteresis curves are well developed and no pinching phenomenon occurs. However, several unstable hysteretic loops can be seen clearly at the end of loading. This is because the axial compression ratio is relatively high, which leads to unstable numerical computation results.
Under high axial compression (z = 0.7), hysteresis curves show significant strength degradation and even abrupt failure. Herein, high axial compression has become the dominant factor controlling the hysteretic performance of SPDs. It is found that the maximum shear deformation angle is about 9y; hereafter, apparent out-of-plane deflection reduces the shear strength rapidly, and consequently, the calculation did not converge and the loading system was terminated.
It is concluded from the prior loading process that when the axial load is relatively small (z = 0.0 or 0.3), its effect on the SPD under low cyclic loading action is rather limited. When the axial compression ratio is a mid-range value such as z = 0.5, the specimen (such as in the case of Rw = 0.2) has a hysteresis curve with evident fluctuations. This implies that relatively high axial compression has a certain effect on the shear bearing capacity of the SPD, which makes the SPD unstable. When the axial compression ratio is z = 0.7, the hysteresis curve changes from a full shape to a curve with an obvious pinch. The result is a deterioration of the shear strength and even termination of the loading process. Greatly reduced energy dissipation is strong evidence of the detrimental effect of high axial compression on the hysteretic behavior of SPDs. Therefore, in practical applications, the compression ratio should be limited within a rational range. In design and construction, a large axial force on the dampers should be avoided.
Maximum Shear Strength
The values of normalized maximum shear strength, m/y, are listed in Table 1. The table shows that, given the same axial compression ratio, the maximum shear strength increases with a decrease in the web slenderness (or an increase in the web thickness). This is because not only the web but also the flanges contribute to the total shear strength. The thicker the web, the larger the resisting areas of the flanges, and the larger the contribution to the total shear. However, m is the average shear divided only by the area of the web. On the other hand, given the same web slenderness, peak values of shear strength decrease with an increasing axial compression ratio. This can be observed more directly from the envelope of the shear stress versus shear strain shown in Figure 7 . Figure 7 shows skeletons of the hysteretic curves presented in Figure 6 . The envelope curve is drawn by connecting the mean values of absolute values of shear stress that correspond to the maximum shear strain in each loading and unloading cycle. When the value of Rw falls within the range of 0.2-0.4, SPDs are prone to enter the plastic stage earlier with an increase in the axial compression ratio. In the case of Rw = 0.2, an increase in the axial compression ratio reduces the shear bearing capacity only in the initial stage of plastic deformation. In the subsequent large-deformation stage, the envelopes of the shear stress versus shear strain of the specimens are almost identical, except for the case of z = 0.7, in which the loading process is terminated suddenly. In the cases of Rw = 0.3 and 0.4, however, the increase of the axial compression ratio is accompanied by a gradual degradation of the shear bearing capacity.
When Rw varies in the range of 0.2-0.4 and the axial compression ratios are comparatively preferable (i.e., z = 0.0, 0.3, and 0.5), the skeleton curves ascend slowly as the shear deformation angle increases because of the strain hardening of mild steel. Shear bearing capacities of SPDs remain stable without deterioration. The shear bearing capacity at the moment loading ceases transpires as the maximum shear strength in the loading test. Meanwhile, under a high axial compression ratio when z = 0.7 and Rw = 0.3 and 0.4, the maximum shear strength is 1.246τy and 1.149τy, respectively, and the corresponding shear deformation angle is 14y and 13y, respectively. There is a subsequent dramatic decrease in the shear bearing capacity and the situation continues until the specimens are destroyed. In the case of the specimen with a thicker web under the same high axial load (i.e., z = 0.7, Rw = 0.2), the envelope ceases unexpectedly at 9y and the damper is damaged through brittle failure, similar to the case of concrete members. Previous laboratory experiments have revealed that the failure of the SPD specimens is primarily due to material fracture or large deformation of out-of-plain buckling. As stated before, fatigue failure (fracture) of steel material will not appear and may be ignored in simulations given the imposed shear deformation within 20γy. Therefore, it could be concluded reasonably that the difficulty in convergence is due to out-of-plain buckling, which leads to the brittle failure of the specimen. Previous research has shown that under no axial compression and with the same web width condition, the lower the slenderness, the thicker the web and consequently, the larger the corresponding shear bearing capacity. However, under high axial compression, the hysteretic performances of SPDs deteriorate remarkably, as characterized by the brittle failure, apparently due to the combined hazards of the shear force and axial compression. Thus, low slenderness is not conducive to improving the bearing capacity and energy dissipation performance of SPDs when there is high axial compression.
Energy Dissipation Performance
Energy dissipation performance is one of the most important indicators for evaluating an SPD as an energy dissipation device. Dissipated energy for each hysteresis circle, Ei, is calculated in the manner illustrated in Figure 8 . The cumulative dissipation energy ∑Ei is then calculated and normalized by Ee (here Ee = Hyy/2) to give the relationship versus cycle number, as shown in Figure 9 .
When z = 0.0 and 0.3, ∑Ei/Ee increases with a decrease in Rw. This is mainly because the area of metal, which goes into a plastic state, increases. When z = 0.5 or 0.7, there is no significant relation between the cumulative dissipation energy and the web slenderness. In fact, the high axial compression becomes the dominant factor controlling the energy dissipation performance of the SPDs.
On the other hand, from the aspect of the axial compression ratio, when Rw is comparatively large (i.e., Rw = 0.4 or 0.3), the cumulative dissipation energy drops slightly in the wake of an increasing axial compression ratio. When web slenderness Rw is relatively small (i.e., Rw = 0.2), the cumulative dissipation energy is amplified a little as the axial compression ratio increases from 0 to 0.5. This can be explained by the increasing web thickness, which makes it possible for a greater cross-section of metallic materials to enter the plastic energy dissipation stage. That is, enlarging the cross-section of an SPD to some extent benefits the resistance to the imposed axial compression. In general, SPDs have good shear bearing capacity and energy dissipation capacity when the axial compression ratio is less than or equal to 0.5. What should be noted, however, is that the hysteretic behavior degrades severely as the axial compression ratio reaches 0.7. Under this circumstance, the SPD goes into an unstable state and fails abruptly, even if the shear deformation is small. This leads to the dramatic deterioration of cumulative energy dissipation. 
CONCLUSIONS
Extensive numerical analyses were conducted for stiffened SPDs under axial compression. The effects of the axial compression ratio and the web slenderness parameter on hysteretic behavior and energy dissipation performance were explored. The main findings were as follows:
1) Axial compression deteriorates the hysteretic behavior and energy dissipation performance of SPDs. Under relatively small axial compression (z < 0.5), negative impacts are negligible, whereas under high axial compression (z = 0.7), the ductility, shear bearing capacity, hysteresis, and energy dissipation of SPDs deteriorate remarkably.
2) The web slenderness parameter is a governing parameter for SPDs. Generally, a decrease in web slenderness benefits the shear strength and cumulative energy dissipation capacity under low and medium axial compression ratios, similar to cases without axial compression. However, in the case of high axial compression ratio, a small web slenderness parameter will lead to unexpected brittle failure (in the case of z = 0.7, Rw = 0.2). This is undesirable in the design of SPDs.
